Abstract-The scintillator is one of the key building blocks that critically determine the physical performance of PET detectors. The quest for scintillation crystals with improved characteristics has been crucial in designing scanners with superior imaging performance. Recently, it was shown that the decay time constant of high lutetium content Lu 1.8 Gd 0.2 SiO 5 :Ce (LGSO) scintillators can be adjusted between 30 ns and 48 ns by varying the cerium concentration from 0.025 mol% to 0.75 mol%, thus providing interesting characteristics for phoswich detectors. The large light output (90-120% NaI), the better spectral match and the high initial photoelectron rate (~200 phe -/ns) of these scintillators with avalanche photodiode (APD) readout promise to provide superior energy and timing resolution. Moreover, their improved mechanical properties as compared to conventional LGSO (Lu 0.2 Gd 1.8 SiO 5 :Ce) make block array manufacturing readily feasible. To verify these assumptions, new phoswich block arrays made of LGSO-90%Lu with low and high mol% Ce concentrations were fabricated and assembled into LabPET modules. Typical crystal decay time constants were 32 ns and 48 ns, respectively. We therefore report on the initial evaluation of this modified version of the LabPET detector module. Phoswich crystal identification performed using a non-optimized digital pulse shape discrimination algorithm yielded an average 10% error. At 511 keV, energy resolution of 20 ± 2% and 15 ± 1% were obtained, while coincidence timing resolution between 4.9 ± 0.3 ns and 4.1 ± 0.1 ns were achieved. The improved characteristics of this new LGSO-based phoswich detector module are expected to enhance the LabPET scanner performance, first by improving sensitivity due to the overall higher stopping power of the detector module, and second by narrowing the coincidence time window, thus minimizing the random event rate. Altogether these two improvements will significantly enhance the noise equivalent count rate performance of an all LGSO-based LabPET scanner.
I. INTRODUCTION
CINTILLATORS largely determine the basic performance characteristics of PET scanners. Not surprisingly, major efforts have recently been committed to discovering new scintillation materials or improving characteristics of existing scintillators [1] [2] . For instance, time-of-flight PET, which inherently needs an outstanding timing resolution, prompted the search for new scintillators with higher light yield combined with faster decay time [3] [4] . In addition to better timing and energy resolution for PET, higher luminosity crystals enable applications using lower energy signals, such as SPECT (140 keV) or CT (60 keV).
New high lutetium content Lu 1.8 Gd 0.2 SiO 5 :Ce (LGSO90%Lu) scintillators with high light output (90 -120% NaI) and fast decay times (32 -48 ns) that can be adjusted along with Ce concentration (0.025 -0.75 mol%) were recently introduced [5] . This range of decay times allow phoswich crystal identification using advanced pulse-shape discrimination techniques, while tightening the coincidence time window when compared to other common phoswich combinations [7] [5] . Table I compares the main characteristics  for LGSO-90%Lu along with the two scintillators currently used in LabPET scanners [8] :
LGSO-20%Lu and LYSO. Some physical characteristics of LGSO-90%Lu, such as density and effective Z, are very similar to LYSO, but the higher light output with an APD readout makes LGSO-90%Lu particularly attractive. Compared to LGSO-20%Lu, LGSO90%Lu features a higher stopping power, better light output and faster decay time. Natural radioactivity from lutetium is however slightly higher, but comparable to LYSO. 
II. MATERIALS AND METHODS
As a first step, spectroscopic measurements were performed using a high quantum efficiency APD and 333 mm 3 crystals. Details of the measurements are described in [9] . Three different crystals will be reported here: Improved LabPET Detectors using Lu 1.8 LGSO-90%Lu slow and fast scintillators were then assembled in a phoswich fashion as in LabPET modules (formerly LGSO-20%Lu and LYSO). The two cerium concentrations were chosen so as to allow the largest separation between decay times (λ = 32 and 48 ns) for crystal identification. The characteristics of the current and proposed LabPET scintillators are listed in Table II . Contrary to the current module, in which LGSO-20%Lu/LYSO phoswich pairs were assembled and individually wrapped in unbonded silver foils, the crystals in the new module were processed starting from a larger piece of scintillator, cut and mechanically polished to the required size, bonded with 3M ESR reflector and assembled into a solid 2  4 pixelated block with four adjacent phoswich pairs. Fig. 1 shows a schematic of the phoswich block design for one module along with its dimensions. The phoswich block was then mounted with 4 APDs (one for each phoswich detector) and hermetically enclosed in a standard LabPET package. Three such prototype modules (12 phoswich detectors) were assembled.
Energy and timing resolution measurements were performed at ambient temperature (22.0 ± 0.5 °C) with a 68 Ge (511 keV) source. APD bias was optimized for best results. For timing measurements, the source was positioned between adjacent detectors for side irradiation. Results were compared with 3 current LabPET modules (LGSO-20%Lu and LYSO). All measurements were performed with standard LabPET digital data acquisition electronics [10] . 
III. RESULTS
Spectroscopic measurements of the 333 mm 3 crystals reported in Table III are in accordance with the scintillators physical characteristics and indicate good decay time uniformity between samples. Comparison with LYSO crystal suggests that modules with LGSO-90%Lu will perform better in terms of energy and timing resolution. For characterization of the LabPET modules, phoswich crystal identification is a pre-requisite. At first glance, the new combination (16 ns difference) is more challenging than with the current module (25 ns difference). Pulse-shape discrimination was performed using the same procedure as in the LabPET and results were similar to those obtained with LGSO-20%Lu and LYSO with a mean error below ~10%. A typical discrimination spectrum is presented in Fig. 2 . The error is represented by the ratio of the overlapping area to the spectrum overall area.
The energy resolution obtained at 511 keV with LGSO 32ns is 20 ± 2% while it is 15 ± 1 % for LGSO 48ns . Results were 18 ± 1% for LGSO-20%Lu and 20 ± 2% for LYSO. LGSO 48ns clearly shows better results mostly due to its higher light output. The energy spectrum for one typical detector is shown in Fig. 3 . Fig. 2 . Typical pole spectrum showing phoswich crystal discrimination. Fig. 3 . Energy spectrum for one typical detector using a 68 Ge (511 keV) source (same detector as in Fig. 2 ).
The expected relative light output between the two scintillators (LGSO 32ns /LGSO 48ns ) is 76%. Results obtained from the photopeak positions represent a relative light output of 64 ± 8 %, indicating suboptimal light collection from the LGSO 32ns crystal.
The average coincidence timing resolution was 4.1 ± 0.1 ns for LGSO 48ns and 4.9 ± 0.3 ns for LGSO 32ns . The intrinsic timing resolution obtained for the four tested scintillators is presented in Table IV . The data show that LGSO 48ns achieves an even better timing resolution than the faster LGSO 32ns , indicating that its high light yield compensates for its slower decay time. The LGSO 32ns timing resolution is also found to be slightly better than that of LYSO. These results suggest that the coincidence time window could be reduced by up to 50% with the new detectors, leading to a reduction by a factor two in the random rates. However, the higher standard deviation obtained for LGSO-20%Lu and LYSO using current LabPET modules prevents us to draw any firm conclusions on the actual timing resolution improvement that can be achieved. 
IV. DISCUSSION
As confirmed by all the measurements, the use of LGSO90%Lu in the LabPET modules would be beneficial in many respects. Table V summarizes the predicted impact on scanner performance. One of the major improvements will be on the scanner detection efficiency. Overall, the LGSO-90%Lu scintillators have more stopping power than LGSO-20%Lu and LYSO. Moreover, the window fraction at 250-650 keV is slightly higher. Even with the slightly smaller packing fraction resulting from the slightly thicker reflector (~75 μm with 3M ESR compared to 25 μm with silver foil), the sensitivity would be augmented by as much as 40%. This significant improvement, along with the random rates reduction, would result in an estimated noise equivalent count rate (NEC) amelioration of 1.5 times for a mouse phantom and 1.7 times for a rat phantom [8, 11] .
The slightly poorer performance than expected for the LGSO 32ns crystal in the tested phoswich block detector may be a result of the poorer light collection efficiency experienced by top crystal relative to the bottom crystal in the phoswich assembly. This might be explained by the larger average incidence angle and smaller solid angle subtended by the APD for the scintillation light emitted from interactions in the top crystal as compared to the bottom crystal (see Fig. 4 ). Switching the two crystals (i.e. placing LGSO 48ns on top and LGSO 32ns at the bottom of the phoswich assembly) could potentially improve the light output ratio.
The better collection efficiency of the light from the bottom crystal by the APD sitting on the slanted plane would thus favor the less luminous LGSO 32ns .
Further improvements of an all LGSO-based LabPET module can be foreseen. Comparing the module energy and timing resolution with the spectroscopic measurements obtained with the different scintillators suggests that there is still room for improvement. Enhanced polishing techniques optimized for the LGSO specific physical characteristics could potentially improve light output, resulting in better energy and timing resolution. Moreover, signal processing could be adapted to the specific characteristics of the LGSO-90%Lu signal shapes. In the present work, the same electronic settings and firmware as for LGSO-20%Lu and LYSO were employed without any modifications. Some enhancement of the crystal identification procedure, in particular, would likely be possible. Nevertheless, the results obtained in this work confirm that the proposed all LGSO-based detector module can be readily implemented in LabPET scanners, including as a direct replacement in existing scanners. 
V. CONCLUSION
The new high lutetium content LGSO scintillators with decay time that can be adjusted by varying the cerium content offer great potential for simplifying detector assembly and improving PET imaging performance with the LabPET detector modules. These new crystals provide excellent timing resolution while still supporting phoswich discrimination. They are expected to improve scanner sensitivity while significantly reducing LabPET scanner random rates and improving count rate performance accordingly. Whereas these scintillators performed well in a side-by-side phoswich like LabPET detector, they can be expected to perform well in dual-layer assemblies for depth-of-interaction detectors. This application would benefit from the superb light output of LGSO 48ns , given the unavoidable light loss at the crystal interface. Also, the higher light output of these new scintillators opens the way to better detection of lower energy signals for SPECT and CT applications.
